We report on the generation of a nonuniform spatial distribution of the heavy and light-hole excitons in a multiple quantum wells system integrated with a localized inhomogeneous weak magnetic field. An inhomogeneous spatially resolved depression of the Zeeman splittings of the heavy-hole excitons and the light-hole excitons with respect to their translational wave vectors is observed. A localized inverted concentration of the two types of the excitons due to the inhomogeneity of the magnetic field is also measured. A simple method to integrate permanent magnetic materials with the multiple quantum wells system is used to create an accessible degree of control for magnetically manipulating the excitonic distributions. 
I. INTRODUCTION
Studying the behavior of the bound state of the composite electron-hole particles, known as excitons, when under the influence of an external magnetic field reveals very interesting underlying physics and enriches our understanding of the basic concepts of such quantum systems. 1 Among these interesting results is the observation of a remarkable enhancement in the magnetic moments of excitons caused by their motion in an external uniform strong magnetic field. 2 It has also been observed that the Zeeman splitting and the diamagnetism properties of the excitons are functions of the exciton translational wave vector, which itself is a function of an external magnetic field applied in a specific direction. 3 Most importantly, both the excitons energy splitting and their effective masses are found to depend strongly on the magnitude of the external magnetic field and its direction. At high fields, the effective masses of the excitons become larger than the sum of the electron and hole masses. 4 Combining magnetic materials with quantum well systems has been proposed theoretically and demonstrated experimentally to achieve a localized magnetic field control of the translational wave vector of the excitons. [5] [6] [7] For example, J. Levy et al. 8 were able to measure the effect of systematically distributed magnetic ions (Mn 2þ ) on the spin behavior of the excitons created in ZnSe/Zn 0:80 Cd 0:20 Se quantum wells, which had specific magnetic-ion patterns implanted using a focused beam of Ga þ ions. Moreover, the effect of the magnetic field is thought to enhance the excitons concentration, as shown previously by Lerner, Lozovik, Kuramoto, and Horie, where strong magnetic field perpendicular to the well plane is important to improve the critical conditions for excitonic quantum degenerate gases. 9 In this article, we report on the observation of spatially distributed inhomogeneous depressions of the Zeeman splittings of the heavyhole excitons (HH-excitons) and light-hole excitons (LHexcitons) caused by an inhomogeneous magnetic field.
II. MAGNETIC INDUCED SHIFT OF THE EXCITONS DISPERSION SURFACE IN THE j-SPACE
It is well known that the exciton exhibits a hydrogenlike nature because of its composite particle internal motion, in which case the electron and hole are mutually orbiting each other, plus the translational motion of their center of mass. Here, we assume that the ground state of the exciton's two-particle motion has a finite momentum, 10, 11 and the optically active states are those for free excitons with momentums close to zero. They recombine in a radiative zone, defined in the k-space by the intersection of the exciton dispersion surface E ext ðPÞ with the excitation photon cone
, where e is the dielectric constant. [12] [13] [14] A schematic representation of the intersection of the exciton dispersion curve in the momentum-space is shown in Fig. 1 15 The momentum operator P of the center of mass (CM) in a magnetic field B is defined as P ¼ M ext v cm À e c B Â x ext , where x ext ¼ x e À x h is the relative coordinate of the excitonic electron-hole motion and M ext is the effective mass of the exciton and v cm is the CM velocity.
In the system under investigation, the inhomogeneous magnetic cover is imprinted to lay at the quantum wells confining plane, where the magnetic field is generated by a semitransparent permanent magnetic material integrated with the multiple quantum wells system. The magnetic material is a)
Author to whom correspondence should be addressed. Electronic addresses: a.abdelrahman@ecu.edu.au and hunskang@gist.ac.kr. (2011) uniaxially anisotropic and its magnetization vector is pointing in the z-direction perpendicularly to the film x/y-plane. The inhomogeneity inherited in the field distribution is due to the edge effects, i.e., high field values occur at the edges. Consequently, a relatively low magnetic field value occurs at the center with a field direction that points almost perpendicular (B ? ) to the x/y-plane of the integrated sample; meanwhile, the field is nearly parallel to the x/y-plane (B k ) at the edges, with high values compared to the center of the sample. 16 Simulated magnetic fields of the permanently magnetized thin film are shown in Figs. 
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2(a)-2(c).
At the B ? field region, the exciton states shift rigidly in k-space, in which case the recombination lifetime of the excitons is slightly modified, as will be shown in the results, by the localized inhomogeneous magnetic field without affecting their binding energies that defined as
, where l B ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi hc=eB ? p . 17 Thus, the migration of the dispersion surface in k-space is a function of the magnetic field and can be observed as changes in the transport properties of the excitons. For example, as we observed, at the zones where B ? field is dominated, the dispersion curve departs away from the center of the photon cone in the k-space by DP ¼ À hk ¼ e=cdB ? , as illustrated in Fig. 1 . 18 
III. EXPERIMENTAL SETUPS AND RESULTS
The non-magnetic material gadolinium gallium garnet, Gd 3 Ga 5 O 12 , is deposited onto the surface of the GaAs/ Al 0:35 Ga 0:65 As multiple quantum wells system, in which case the thickness of nonmagnetic material controls the values of the magnetic field at the quantum wells location. Then, the permanent magnetic material Bi 2 Dy 1 Fe 4 Ga 1 O 12 is deposited on the top of the non-magnetic material layer using rf-sputtering technique, annealed at 876.15 K, and then the fabricated sample is permanently magnetized along the z-axis. The GaAs/Al 0:35 Ga 0:65 As multiple quantum wells are grown on a GaAs substrate using molecular beam epitaxy where the sample contains twenty periods of 9 nm thickness of GaAs quantum wells and 20 nm thickness of AlGaAs barriers. Fig. 2(d) shows the integrated magnetic material with 19 limits the excitation wavelengths to values above 600 nm when using the magnetic material top side to measure the photoluminescence (PL) signal. However, the former effect takes no place when using the bottom GaAs substrate side for excitation after removing a 200 lm thickness from the substrate using mechanical polishing to avoid the absorption by the thick GaAs substrate when measuring the PL signal, thus, allowing that to use a 400 nm pulse for excitation.
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The integrated magnetic multiple quantum wells sample is placed in an evacuated optical cryostat and cooled down in a helium path to 9 K to suppress the phonon interactions. In the first experimental setup, a Ti:sapphire laser pump, emitting a linearly polarized continuous wave (CW) with photon energy of $1.724 eV, is used for excitation and delivered to the sample inside the optical cryostat via an automated pump scanning head fitted with a collimation system. The photoluminescence signal is collected and transferred via an optical fiber to a monochromator integrated with a Peltier cooled intensified charge-coupled device (ICCD) camera that is swept across the transition energy spectral region surrounding the optically active state of interest, i.e., E $ 1.547 eV. Then, the PL signal is fed electronically from a photomultiplier to be amplified and to eventually be monitored. The scanning head is used to scan lines within the x/y-plane with a step size of 2 lm, with the pump spot focused to $10 lm size. In the second experimental setup, a time-correlated single-photon counting (TCSPC) scheme is used to measure the lifetimes of the HH and LHexcitons, which are excited using a right circularly polarized (r þ ) femtosecond laser with emission of 150 fs pulse width and 76 MHz repetition rate. The approximated delay time s is presented in Table I , where these results are obtained by fitting the photoluminescence decay curves in Fig. 5 . The values of s 1 indicate that the decay time increases when the excitons experience an induced shift in the dispersion due to the magnetic field while the recombination rate is decreased.
The data is collected by spatially resolving the PL signal across the x/y-plane of the sample, starting from the sample center toward the edges. Fig. 3(a) shows enhanced emissions around the HH-exciton energy point measured at the B ? field region, where the intersection of the dispersion curve and the radiative zone is expected to shift in k-space with no change TABLE I. The delay time measured for HH-excitons and LH-excitons using linearly polarized light and circularly polarized light (r þ ) with the experimental conditions as specified in the text. The photoluminescence decay curves in Figure 5 are fitted using the PicoQuant FluoFit software with n ¼ 2 in the intensity approximation IðtÞ $ n i¼1 e i HH-exciton states shows higher density of HH-excitons at low field regions at the center compared to the edges. An automated focused-pump scanning head is used to scan the x/yplane with steps of $2.5 lm along the x-axis and $10 lm along the y-axis, using a linearly polarized CW excitation pump of energy $1.724 eV.
along the momentum direction. However, due to the inhomogeneity of the localized magnetic field, a migration of the intersected zone across the k-space occurs toward a region where B ? is dominant. This behavior can be identified as a shift in the energy peaks of HH-excitons occurring due to the depression of Zeeman splittings and a reduction in their PL intensities, as shown in Fig. 3(b) . Meanwhile, as shown in the inset of Fig. 3(a) , a detectable conversion between the HHexcitons and the LH-excitons occurs when scanning the PL signal across the xy plane from the center toward the edges.
We believe that the spatial conversion is happening because the optically active states of the HH-excitons, j Ç1 2 i, suffer slightly inverted modifications in their magnetic lengths (thus, depression in Zeeman splittings) depending on the value and the direction of the localized magnetic field, which itself gradually changes across the x/y-plane. The effect of the localized field on the LH-exciton is weak, as also reported by J. J. Davies et al.
2 using strong magnetic bias fields. Accumulation of the HH-excitons at the center is shown in Fig. 4 , in which case the scanning probe is adjusted to only record the emitted photons with energies surrounding the transition of the HH-exciton states, i.e., E $1.547 eV. As shown in Fig. 5 , the PL decay processes slightly differ when measured at the two different radiative regions: the B ? and B k -dominated. The results shown in these figures are generated using right circularly polarized r þ and linearly polarized excitation photons.
IV. CONCLUSION
We show that an inhomogeneous spatial distribution of the excitonic density can be generated, and possibly configured, using a localized inhomogeneous weak magnetic field. Using the available fabrication technologies, one can integrate semi-transparent permanent magnetic materials with multiple quantum well systems and introduce an accessible degree of freedom to tune the characteristic (magnetic) properties of excitons. Spatially resolved photoluminescence measurements indicate an inverted momentum-space migration of HH-excitons and LH-excitons in response to the profile inhomogeneity of the magnetic field. The experiments were conducted using relatively small quantum well widths (less than the bulk exciton Bohr radius of excitons in GaAs $ 13.5 nm) 18 with wide barriers, limiting our observations to direct excitons only. However, it is rather interesting to carry out these studies for indirect excitons in multiple quantum wells with sufficiently wide widths and narrow barriers relative to the exciton Bohr radius and compared to their magnetic length, in which case we can expect the adiabatic approximation to be applicable and, hence, simplify some theoretical models. 19, 20 More importantly, specific magnetic field patterns can be projected through the surface of the magnetic material into the plane of the quantum wells, such as magnetic micro-trapping patterns in scenarios similar to that of magnetic trapping of cold atoms at very low temperatures.
